I. C. 7222 


< Google 


ED STATES 
DEPARTMENT OF THE INTERIOR 
Harocp L. Ickes, SECRETARY 


BUREAU OF MINES 
R. R. Savers, Director 


INFORMATION CIRCULAR 


ES 


USE OF DIESEL ENGINES IN TUNNELS 


BY 


S. H. ASH AND L. L. NAus 


THE OHIO 5 


i! 


OctTosBer 1942 


a, 1 ff ne 
_ J J Ti ah . j 


1eCe- 12a; 
October i 942. 


INFORMATION CIRCULAR 


UNITED STATES DEPARTMENT OF THE INTERIOR - BURBAU OF MINES 


USE OF DIESEL LOCOMOTIVES IN TUNNE ioi/ 


By §. H. Ash2/ and L. L. Neus’/ 


CONTENTS 
Page 
TEV OCUCTIONnatnciewis wen teint aeeme es enoapemawoneeawsorearaw sven veweada ena sandra aeenanenes 1 
Acknowledgments .....ssescccccvvcses pias bos oo wate auiicaneseutaneb eer eeeueseseeeic a 
Hazards In Wse Ol D16Sel Engine S ccaicanccksaviatawetvaseamenaoomsessamereuesions sees 2 
Atmospheric conditions in tunnels where Diesel engines are used..... x © 
PAP TV COULT EC CNS Aovacweiat dawe pew eeny uae sede sawaenenebe genuine ceuaneuceumeyeeunes 14 
Control and measurement of toxic eases in general tunnel air..... istobas 20 
CONCIUSIONS sveiscaciwnatiaisevnas opelesncessanravyans Ee eee ee 24 
INTRODUCTION 


Probably one of the most significant devartures in tunneling practice is 
the introduction of Diesel locomotives for haulage (Diesel trucks have been 
used for some time). The fallacy of the belief that they do not generate carbon > 
monoxide or texic gases and can be used indiscriminately hes been proved 
by the euthors through observation for several years of atmospheric conditions 
surrounding the use of Diesel engines in tunnels. 


Diesel locomotives have been introduced in tunnel haulage for reasons 
other than safety or health. Exceovt to the extant that they replace trolleys, 
with their danger of causing elcctrecutions, modern Diesel locomotives do not 
increase safety or remcve any ordinary hazards to safety or health. In fact, 
they create such hazards, the extent of whicn is limited entirely by the carbon 
monoxide-control level sot, methcd of ventilation, adequacy of the measures 


1/ The Bureau of Mines will welcome reprintine of this paper, provided the 
following footnote acknowledgment is used: “‘Reprinted from Bureau of 
Mines Information Circular 7222.”’ 

2/ Supervising engineer, District B, Bureau of Mines, Wilkes-Barre, Pa. 

3/ Engineer-in-charge, Bureau of Mines, Albany, N. Y. 
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taken to prevent ignition of explosive vas, complience with regulations, and 
frequency and efficiency ci ins neetion by the manarement and Government 
enforccment agoncies. 


Most important to the tunnel operator are (1) the hazerds presented by 
' the actual opzraticn of Diesel engines underground; (2) the amount of fresh 
air required to onerate such an enrine; end (3) the means that can be taken 
to indicate the presence or absence of toxic gases in the atmosphere when 
Diesel engines are used underground. 


It is believed that the observatiors reported in this paper will serve as 
a basis for safer operation of Diesel engines underground. 


AUN OW LEDS MENTS 


For assistance in obtaining material and preparing this report the authors 
are indebted to R. W. Remr, general supe:rintendent, Drevo Corporation, and 
Fred W. Stiefel, chief engineer and: manager, Samuel R. Rosoff, Ltd., on the 
Delaware Aqueduct tunnels; D. Harrington, chief, Health one safety Branch, 
and J. J. Forbes, supervising engineer, Safety Division, EH. EH. Scnrenk, chief 
chemist, Health Division, and Jchn C. Holtz, senicr explosives engineer, 
Federal Bureau of Mines; Gustav Werner, suvervising inspector, Bureau of 
Mines, Tunnels, Quarries, 2nd Explosives, New York; Leonard Greenburg, 

M. D., executive director, Theodore Hatch, associate dust-ccntrol engineer, 
and William B. Harris, assistant dust-control engineer, Division of Industrial 
Hygiene, New York Department of Labcr; and the suverintendents, foremen, 
safety engineers, workmen, and others at the various tunnels visited for infor- 
mation supplied and hearty cocperation. 


FLAZARDS IN USE OF DIESEL ENGINES 


Recent cbservations by the authors indicate that it is extremely dangerous 
to operate even the hest available Diesel locomotives Ni tunnels lacking adequat= 
ventilation. 


_ As the kind of fuel burned in Diesel iccomotives depends on a fixed 
amount cf oxygen in air by weictht, the use of such equipment in high altitudes 
requires that the vercentage of oxyzcn (by volume) in the general tunnel air be 
kent virtually normal and that the fuel:air ratio be adjusted te fit local condi- 
tions, as it is the fuel:air retio ettainable at maximum pewer output or full 
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throttle that is ssi eecias The composition of exhaust gases gpa Diesel 
engines in proper. mechanical conditicn has been determined. 


Diesel engines used in tunneling operations are worked to their capacity 
at high speeds and at full load or nearly so. The composition of exhaust gases 
as revealed in labcratory tests is of interest, as such tests indicate the 
results of controlled operation rather than those that probably would be ob- 

- tained under the handicaps and variations in procedure and requirements of 
actual operation. Furthermore, the amount cf carbon monoxide and other gases 
produced depends on the aciual horsepower developed by the engine as well 

as on other factors. 


_ Owing to their toxicity, oxides of nitrogen, carbon monoxide, carbon 
dioxide, and oxides of sulfur (if the fuel contains sulfur) in the exhaust are 
the chief constituents of significance to the purity of the atmospheric air of 
tunnels. The hazards from oxides of sulfur may be avoided by using a fuel 
containing little or no sulfur. : 


It is a common belief that Diesel engines do not generate carbon mon- 
oxide, 5/ although it is recognized that the fume s they procuce are nauseating 
to breathe. The atmcsphere in a confired place may become very dangerous 
in a strikingly short time if Diesel engines are onerated without an adequate 
supply of normal air. Atmospheres that could be fatal in 30 minutes or less 
Owing to the presence of toxic gases such as are generated by Diesel engines 
need contain only 30 percent carbon dicxide, 0 BPP 1.0 percent carbon monoxide, 
or 0.07 percent oxides of nitrogen (by volume).& 


4/ Holtz, J. C., Berger, L. B., Ellicott, M. A., and Schrenk, H. H., Diesel 
Engines Underground. JI. Composition of Exhaust Gases from Engines 
in Proper Mechanical Condition: Rureau of Mines Rept. of Investigations 
3508, 1940, 48 pp. 

Berger, L. B., Elliott, M. A., Holtz, J. C., and Schrenk, H. H., Diesel 
Engines Underground. IL. Effect of Adding Exhaust Gas to Intake Air: 
Rureau of Mines Rept. of Investigations 3541, 1940, 18 pp. 

Elliott, M. A., Holtz, J. C., Berger, L. B., and Schrenk, H. H., Diesel 
Engines Underground. III. Effect on Exhaust-Gas Composition of 
Operating Engines in Mixtures of Normal Air and Natural Gas: Bureau 
of Mines Rept. of Investigations 3584, 194], 50 pp. 

5/ Richardson, Harold W., end Mayo, Robert S., Practical Tunnel Driving: 
McGraw-Hill Book Co., Inc., 1941, p. 135. 

6/ Perrott, G. St. J., Babcock, 133 We Bitting, C. D., and Jones, G. W., Toxic 
Gases from 60-Percent Gelatin Explosives:. Bureau of Mines Tech. Faper 
482, 1931, 30 pp. (pn. 14). 
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From the forevoing it can be cbserved that oxides of nitrogen are 10 
times more deadiy than carbon monoxide and 4280 tinies more deadly than 
carbon dioxide. An atmosohers containing 0.09 percent carbon monoxide by 
volume will produce unconsciousness in 1 hour. In Jj hour a Diesel engine 
operating under a load of 100 brake-horsenower many produce about 1,602 
'cubie feet of carbon dioxide, 9.072 cubic feet of oxides of nitrogen, and 3.552 
cubic feet of carbon mcnoxide. If ventilation is stoi.ed for 1 hour and the 
Diesel engine is cperated continuously, enough toxic g2ses would be produced 
to make a deadly atmosphere cf nearly 100,000 cubic fect ina tunnel. There- 
fore, a tunnel snould not only be well-ventilated if Diesel engines are to be 
used, but atmcsnheric conditions should be checked censtantly with precise 
testing equip-nent. 

ii ae Te 

The presence and scurce— ci more then normal amounts of carbon dioxids 
in the atmosphere in all types of underground openings are generally known. 
Although its presence is important, and excessive amounts should be avoided 
if possible in any operation, the situation is entirely different when Diesel 
engines are used underground, as such engines in operaticn are constantly 

enerating larre quantities of carbon dioxide that are additive to that already 
present when engines are not in oneration. As Diesel engines must obtain 
their supply of air frem the atmosnhere of the tunnel, a cefinite limit should 
be placed upon the concentration of carbon dioxide present, as its presence 
materially affects the fuelair ratio, and there is a marked increase in the 
concentration of carbon monoxide. 


Results of experiments8/ emphasize the importence of maintaining at 
all times the concentration of carbon dioxid? and oxvyven in the atmosphere 
within the specified permissible limits, because decidely hazardous conditions 
‘result when the intake mixture contains more than 1 percent carbon dioxide 
or less than 19 percent oxygen. These limits should not be accepted as a 
dividing line between safe and unsafe conditions but rather es emphasizing the 
necessity of keeping the carbon dioxide concentration below 1 percent and the 
oxygen above 19 percert. The authors »eliev2 thet the carbon dioxide con- 
centration in the g¢generel tunnel air where Diesel engines are used should not 
exceed 0.5 percent (preferably 0. 3 percent) or the oxygen concentration be 
less then 20 perce ent. 


7/ Burrell, G. A., Robertson, I. W., and Oberfell, G. G., Black-Damp in Mines: 


Bureau of Mines Bull. 105, 1916, 92 op. 

Herrington, D., and Ash, 8. H., Some pescnoal safety Factors in Tunnelins: 
Bureau of Mines Buil. 439, 1941, OL DOs 

tiarrington, D., and Denny, Ei, ier Gases That Occur in Metal Mines: 
Bureau of Mines Bull. 347, 1931, 21 pn. 

8/ Berger, L. B., Elliott, M. A., Holtz, J. C., Schrenk, H. H. Diesel Engines 

Underground. Il. fsifect of Adding Exhaust Gas to Intake Air: Bureau 
or Mines Rept. of Investivations 3541, 1940, 18 pp. 
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Results of Bureau of Mines laboratory tests2/ show clearly that the 
quantities of carbon monoxide, oxides of nitrogen, and aldehydes produced by 
Diesel engines when the engine intake contains inflammable gas are much 

greater than when the intake is nearly ncrmal air. 


The Bureau of Mines9/ recommends that the percentage of inflammable 
‘as in the atmosphere be less than 0.26 percent (2,500 varts per million) when 
internal-combustion engines are in use underground. 


On August 19, 1941, the Division of Industrial Hygiene, i1/ New York 
State Department of Labor, issued rules governing the use of Diesel engines 
underground and stipulated that only locomotives classified as ‘“‘permissible”’ 
by the Federal Bureau of Mines may be used if explosive gas in concentrations 
greater than 0.4 percent of its lower limit (0.02 percent methane) is present 
in the main air current. 


pepetionce has shown that the use of Diesel locomotives in gassy 
or inadequately ventilated underground workings definitely creates hazards 
that may cause an explosion, a fire, or the asphyxiation of a large number of 
workmen. ~ | 


Modern engines camnot be overated safely in atmospheres containing 
more than small amounts of methane, owing to the hazard from explosions 
in explosive mixtures and a rapid increas? in toxic and irritating gases if 
more than a relatively small emount of methane is present. A Diesel engine 
cannot be operated safely in an atmosphere containing more than 1 percent 
carbon dioxide, an amount that otherwise micht not be dengerous. A Diesel 
engine, therefore, cannot be operated safely in an atmosphere deviating only 
slightly from normel, and it would not only be useless but dangerous and 
impossible to overate a Diesel locomotive for recovery work or other purpose 
in a mine or tunnel following a fire or an explosion, when ventilation has stopped 
or is deficient, or in situations in which an outburst of methane or carbon 
dioxide gas is likely to occur. Any Diesel engine constitutes a fire hazard. 


9/ Elliott, M. A., Holtz, J. C., Berger, L. B., and Schrenk, H. H. Diesel 
Engines Underground. Ill. Effect on Exhaust-Gas Composition of 
Operating Engines in Mixtures of Normal Air and Natural Gas: Bureau 
of Mines Rept. of Investigations 3684, 1941, 50 pn. 

10/ Mine Safety Board, Recommendations of the United States Bureau of 
Mines in Certain Questions of Safety as of October 1, 1936. Decision 
19: Bureau of Mines Inf. Circ. 6946, 1987, 45 pp. 
11/ Harrington, D., and Ash, S. H., Some Essentiel Safety Factors in Tunneling: 
Bureau of Mines Bull. 4389, 1941, 61 pp. , 
i2/ Breyre, Ad., and Fripiat, J., Diesel Locomotives in Gassy Mine Workings 
of Belrium: Bureau of Mines Rept. of Investigations 3527, 1940, 17 pp. 
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ATMOSPHERIC CONDITIONS IN TUNNELS WHERE 
DIESEL ENGINES ARE USED 


The authors have been observing atmospheric conditions in connection 
with the actual operation underground of 10 Diesel mine locomotives in 
nongassy and gassy tunnels of the Delaware Aqueduct since the first of them 
was placed in service on August.7, 1989. These locomotives are equipped 
with a 6-cylinder Hercules Diesel engine, Model DHXB, 5-inch bore and 
6-inch stroke, having a piston displacement of 707 cubic inches, rated at 
160 brake-horsepower at 1,600 r.p.m. One of these locomotives was tested 
before the 10 were introduced in these tunnels. 


Observations in gassy tunnels have been few but sufficient with the aid 
of analyses of tunnel-air samples taken in the same tunnels before and after 
the introduction of Diesel engines to show that there is no apparent change in 
the composition of tunnel-air constituents when the methane content is kept 
at the level required by State law. 


The authors made several hundred tests of the tunnel atmospheres with 
a supersensitive as well as an ordinary carbon monoxide indicators. It has 
been observed that conditions as to carbon monoxide content, aldehydes, and 
visibility are noticeably worse under a blower system of general ventilation 
than under an exhaust system when Diesel locomotives are used during 
excavating operations. Whether the Diesel engine is used with a truck, tractor 
fan, mucking machine, or locomotive, air analyses and observations of 
atmospheric conditions indicate that certain requirements for the control of 
atmospheric conditions cannot be based upon permissible toxic gas limits 
set for physiological reasons alone, as these do not fit the tunnel workers who 
labor strenuously for long periods in atmospheres and under conditions not 
comparable with procedure that has been pee in establishing accepted 
permissible limits for toxic zases. 


The authors have observed atmospheric conditions when Diesel engines 
were used in tunnels that contained no gas-bearing strata and whose atmos- 
phere, therefore, could be essentially normal air. However, for various 
reasons ventilation was deficient or inadequate during operation of the Diesel 
equipment, and atmospheric conditions varied accordingly. 


The following observations were made regarding the condition of the 
general tunnel air when Diesel engines were used: : 


When the concentration of carbon monoxide is 0.01 percent and that of 
carbon dioxide 0.3 percent, visibility is poor to bad, and-the aldehydes and 
Other irritants are obnoxious after a relatively short exposure. 
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When a Diesel locomotive is run until the concentration of carbon 
monoxide is 0.01 percent and that of carbon dioxide is 1 percent, visibility 
is blanked out and the odors are sickening. When an ordinary Diesel truck 
is used, this condition is echieved with 0. 003 to 0.008 percent carbon monoxide 
and 0.3 percent carbon dioxide. 


When the concentration of carbcn monoxide is 0.0015 to 0.0025 percent 
and that of carbon dioxide 0. percent, conditions are OUR fair at best and 
often are bad. 


When men are subjected to carbon monoxide from blasting in concen- 
trations ranging from 0.01 to 0.1 percent for 2 hours, and’ to intermittent 
exnosure to 0.001 percent carbon monoxide and less than 0.18 percent carbon 
dioxide from the operation of Diesel encines, they may and do complain but 
will tolerate the condition. 


When men are not subjected to carbon monoxide ranging from 0.01 to 
0.1 percent following blasting Bere ee they will become accustomed to 
conditions that accompany the use of Diesel engines in normal air when the 
carbon monoxide concentration ranges from 0. 001 to 0. 002 percent and that of 
carbon dioxide averages about 0.138 percent. . #4 


Table 1. summarizes analyses of tunnel-air samples ana tests conducted 
by the authors in connection with underground operation of Diesel locomotives 
during lining operations. 


Diesel locomotives operate under maximum demand during lining 
operations; and, considering the ton-miles involved, it is believed that this 
study gives a fair picture of what can be expected of modern Dieses locomotives 

when operated in virtually normal air. | 


In table 1 the conditions have been broken down as far as possible and 
the samples discussed are representative of actual operating conditions based 
upon maximum and reasonable safety. Attention is called to certain conditions 
that enter into the calculations: 


. Sample 1 was taken in the agvin heddine of shaft B; sheve a Diesel loco- 
motive was in use while mucking out for invert was in progress, before samples 
2, 3, 4, and 5 were collected in the south heading of shaft B, where arch lining 
was being poured. Sample 1 showed the presence of 0.09 percent COo, -Q.Q001 
percent CO, and 0.0002 percent oxides of nitrogen. It will be noted that 55,000 
c.{.m. of air was flowing from snaft A to shaft B, where the air current split, 
with the measured amounts, as shown, ventilating the south heeding of shaft B 
and the remainder passing to the surface through upcasting shaft B. This 
fact has been considered in calculating the toxic gases added to the atmosphere 
in the south heading. 
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‘Footnotes to Table 1 


1/ Direction of air current: - = air flow from lined to unlined section of 

tunnel; + = air flow from unlined to lined section of tunnel. 

2/ CO indicator reading at time trips changed on bridge with 3 locomotives 
in operation, calculation based upon 460 horsepower. Samples of air 
collected after change of trips with two locomotives in operation 75 
percent cf the time. 

Reading taken at change of trips with 2 locomotives in operation; caleu- 
lation based upon 320 horsepower. Samples collected foliowing test with 
CO indicator. 

Reading taken with 2 locomotives in operation during change of trips; 
calculation based upon 320 horsepower. 

Locomotive, with engine idling, on bridge at time of test. 

Locomotive, with engine idling, just after arriving at shaft-bottom loading 
Station. 

Locomotive, with engine idling, on bridge when maximum amount of CO 
was recorded. Air samples collected after trip left bridge. 

Locomotive engine idling. , 

0.0015 percent CO recorded at change cf trips with 8 locomotives in 
,operation for which reason 480 horsepo-ver is used in calculating c.f.m. 
per horsepower at maximum. Semples collected after change of trips. 

10/ NO, = Oxides of nitrogen. 


Re 


ke Re 


A Similar condition existed in the north neading of shaft D, where sample 
12, taken in the finished tunnel, showed the presence of 0.0003 percent oxides 
of nitrogen and -0.0001 percent CO, although no Diesel locomotive was operat- 
ing in the air current north of the bridee. Onthis day the air current entered 
through shaft C and flowed south throucth the finished tunnel into the unlined 
Section, where it discharged at the surface through upcast shaft D. Allowance 
for the above concentretions of oxides of nitrogen and CO in the atmosphere 
was made in calculating the toxic gases added to the ventilating current by the 
operation of Diesel locomotives, as shown by the ane: lyses of samples 13 and 
14. 


The average horsepower output of the Diesel locomotives used in calcu- 
lating the cubic feet per minute per horsenower of toxic gases added is based 
upon the approximate time they were ino peraticon; and this, in turn, is based 
upon the approximate time the train would ke in transit between points in that 
particular section of the tunnel ventilated by the air current in which the 
Samples were collected. It was assumed that the locomotives operated at 
maximum speed while in transit. 


Data included in the field notes made it possible to establish whether or 
not the locomotive engines, when present, were stopped or idling at the time of 
sampling. 
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samples collected and tests made where more tnan one locomotive was 
in use’ may be confusing if it is assumed that all locomotives were in operation 
all of the time and all were overated in the air current being sampled. Such 
an assumption mey be incorrect, because even though three locomotives were 
in use for lining, it was established that in some instances not more than one 
of them was in use at the particular time samples were collected. The loco- 
motive in the air current sometimes did not operate for more than a few minutes. 


_ Upon the basis cf investigations by the authors in cooperation with en- 
gineers of the Division of Industrial Hygiene, New York State Department of 
Labor, which alsc ccntirm the abeve cbservations of general tunnzl-air con- 
ditions, the State of New Y orkiS/ issued requirements on December 17, 1940, 
covering the safe use of Diesel engines underground. 


AI RAQUIRELDANT 


The tunnel operator should know the minimum amount of fresh air that 
should be supplied to provide a sefe environment if a Diesel engine is to be 
used underground. Analysis of data in table 1 end a review of all data available 
to the authors in connection with the Diesel engines observed indicate that 
when the engines are in good conditicn and operating in normal air the volumes 
of the toxic gases produced per minute per brake-horsepower (full lad, maxi- 
mum speed) are as follows: Carbon dioxide, 0.267 cubic foot; oxides of nitrogen, 
0.001512 cubic foot; and carbon monoxide, 0.000592 cubic foot. 


In general, the irritants, such as aldehydes, odors, and smoke, follow 
the trend of the toxic gases if the scrubbing devices are efficient; if they are 
not, the irritants are conspicuously present at all stages of operation, and the 
amount of oxides of nitrogen is grater. : 


The following calculations show one wav of determining the quantity of 
air necessary for dilution of Diesel-engine exhaust gas, as compiled from data 
avallabie to the authors in connection with Diesel. engines operating in normal 

air (maximum sreed and load) and using threshold limitsi4/ for toxic gases 


18/ Sze footnote 11 (p. 5). ~~ 
14/ State of New York, Department of Labor, Toxic Gases in Mines, Tunnels 
and Shaits: Industriel Code, Rule 25, March 1, 1940, 10 pr. 
Mine Safety Board, (Decisicn 9, Quantity and Quality of Air Needed in Ven- 
tilation of Coal Mines): Bureau of Mines Inf. Circ. 6946, 1937, 45 pp. 
payers, R. R., International Critical Tabies: Vol. 2, 1827, pp. 318-321. 
Farrington, D., and Ash, 8. H., Some Essential Safety Factors in Tunnel- 
ing: Bureau of Mines Bull. 439, 1941, €1 pp. 
N. Y. State Dept. of Labor, Division of Industrial Hygiene, Requirements 
Governing the Safe Use.of Diesel Engines in Underground Operaticn, 
August 19, 1941, 3 op. 
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in concentrations that are acceptable at this time in some States: Oxides of 
nitrogen 40 + 33 p.p.m.; carbon monoxide, 100 p.p.m.; carbon dioxide, 10,000. 
a 


p.p.m. 


The minimum rate of general ventilation or quantity of air required for 
dilution of any particular toxic consHtace of Diesel-engine exhaust gas is 
obtained by the following relationships: 


@ = i 
where @ = rate of ventilation, c.f.m. 
X = quantity of toxic substance released per minute. — 
M = maximum permissible concentration of toxic substance per cubic 
foot of air in parts per million, expressed as a fraction. 


With a mixed gas, such as the exhaust gas from a Diesel engine, it is 
apparent that an atmosphere containing any toxic substance at its maximum 
permissible concentration is by no means safe when it also contains other 
toxic substances in any amount. Therefore, an atmosphere containing a mixture 
of toxic substances in amounts lower than their maximum permissible con- 
centrations is desirable. 


For an atmosphere containing a mixture of toxic gases, such as nitrogen 
oxides, carbon monoxide, and carbon dioxide, the formula can be arranged so 
that: 


ar X nitrogen asides xX CO XCO2 | 
M nitrogen oxides M CO M COQ9 


When quantitative values of toxic constituents in Diesel-engine exhaust gas and 
permissible maxima that appear to be on the safe side are substituted in such 
a formula, it reads: : 


= 0.001512 , 0.000592 , 0.267 

40433 _ 100 10,000 ’ 

2 1,000,000 1,000,000 
1,000,000 


or 


15/ Hatch, Theodore, Preventive Measures: Protecting Flant Manpower: 
U. &. Dept. of Labor, Div. of Labor Standards, epecey Bull. 3, 1941, 
pp. 13-21. 


\ 
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Q = quantity of air required per minute per brake-horsepower + 41.4 + 


or 
@ = 74 cubic foet per minute per prake-horsepower. 


Little is known about the toxic effects of bres. thing a raixture of carbon 
monoxide and other vases. L9/ Although certain critical values for carbon 
dioxide, carbon monoxide, nitrogen oxides, and sulfur dioxide have been acceptec 
generally and are incorpora ated in a number of ventilation codes, nevertheless 
there is still controversy, a marked lack of agreement, and decided differences 
cf opinion among reccenized authorities as tc what constitutes permissible 
maxima for individual toxic constituents in the atmosphere of a piace of em- 
ployment, and permissible maxima for mixed gases have not been established. 
Permissible valuesil/ for atmospheric ccntrol present special cases and for 
carbon dioxide range from 0.2 to 3.0 percent (2,000 to 30,000 p.p.m.), for 
carbon monoxide from 0.001 to 0.04 percent (10 to 400 p.p.m.), for nitrogen 
oxides from 0.001 to 0.004 percent (10 to 40 p. p- ee and for sulfur Cioxide 
O.001 percent (10 p.p.m.). 


Although acute poisoning from toxic gases may be fatal, nevertheless 
the most important hygienic risk from any poisonous substance is that which 
results from constaut and repeated ex xposure. 


The values more recently accepted 2s pcrmissible maxima of toxic gases 
show a definite trend toward lower values. This is particularly true of the 
value for nitrogen oxides. Itis opserved that some authoritative bodies that 
have made investigations since December 15, 1933, when the Industrial Accident 
Commission ci the State of Califcrnia edopted Safety Orcers controlling dusts, 


16/ Harrington, D., and £sh, 8. H., Some Essential Safety Factors in Tunneling: 
Rureau of Mines Bull. 429, 1941, 61 po. 

Mayers, May R., What We Don’t Know About Carbon Monoxide: Ind. 

Health, Nat. Safety Mews, Deu 1989, pp. 38, 40, 85. 
17/ See footnote 14 (p. 14). 

Henderson, Y., and Paul, J. W., Oxygen Mine Rescue Apparatus and 
Physiological Eifects on Users: Bureau of Mines Tech. Paper €2, 1917, 
Deoae 

Harrington, D., Underground Ventilaticn et Eutte: Bureau cf Mines Bull. 
204, 1923, 130 pp. 

Lehmann, K., and Hasegawa, (Studies on the Technical anc Hygienic 
Action of Certain Gases on Men (XXXI). The Nitrous Gases: Nitric 
Oxide, Nitrogen Dioxide, Nitrous Acid and Nitric Acid): Archiv. fur 
Pygiene, vol. 77, 1918, po. 328-358. 
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cases, fumes, and vapors, have suggested cnanges in the orders controlling 
harmful contaminants in atmospheric air. On November 22, 1939, this 
commissionl3/ set a maximum permissible concentration of 10 parts per 
million (0.001 percent) for ni open oxides. In discussing criteria of indus- 
trial health hazards, Drinker22/" also suggests 10 parts per million (0.001 
percent) as the maximum permissible concentration for nitrogen oxides. 


If the most toxic eases (nitrogen oxides) are considered alone and taken 
as the controlling factor, as may be done in Some jurisdictions, and the 
formula using the maximum permissible value of 10 p.p.m. is applied, then: 


Q= = 200 = 151 cubic feet per minute per brake-horsepower. 
A eee 
~ 1,000,000 


It is apparent that if this value for nitrogen oxides is generally required, 
the use of Diesel engines underground will be decidedly limited, except for 
small engines and in tunnels of large cross section. In any event, the volume 
of air supplied to the general tunnel air would have to be increased considerably 
above that commonly believed necessary. | 


In the time studies and tests made by the authors in connection with 
Diesel locomotives, the engines, during their shift of operation, produced 
effects in the general air that required about half the amount given above, or 
about 75. cubic feet per minute per brake-horsepower, based upon maximum 
load and maximum speed. Intermittent operation is important in tunnels of 
large cross Section when 2 large volume of #EgSH air is stored in the bore. 


There are several recsons why a Diesel locomotive can be used inter- 
mittently in actual tunneling operations and yet not produce as toxic an atmos- 
phere as would strictly be indicated by laboratory tests. The volume of air 
stored ina tunnel, particularly one of large cross section, is great enough to 
dilute, by diffusion and mixing, a considerable volume of exhaust gas as the 
locomotive moves along the passateway; and as long as enouegn air is supplied 
to the general air current tc dilute the exhaust gases, favorable adjustments 
are made in the general atmosphere as the locomotive moves to new locations. 
The operation of a Diesel locomotive is intermittent as between full load and 
no load, and as a consequence air requirements must be maximum and based 
upon maximum fuel consumption and maximum load. If the motcr is stooped 


18/ Department of Industrial Relations, State of California, Minutes of the 
Industrial Accident Commission: November 22, 1939, 4 pp. 

19/ Drinker, Philip, Criteria of Industrial Health Fazards:. Protecting 
Plant Manpower: U. 8. Dept. of Labor, Division of Labor Standards, 
Spec. Bull. No. 3, 1941, pp. 11-12. 
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when a Diesel locomotive is not in use, the ambient air clears in proportion to 
the aon of fresh air in circulation. 


Operation of a Diesel locemotive presents different problems as regards 
ventilation, in a “‘heavy-construction-industry’’ tunnel than in a mine and even 
in the same tunnel, depending on the service required. The factors that con- 
tribute to these problems depend in part on whether the mining operation is 
intermittent (during excavation) or relatively steady (during lining operations). 


During excavation the locomotive generally is used only during the 
mucking cycle, and the load is maximum only during haulage of loaded trains, 
which may or may not be favorably assisted by the grade of the bore. The 
most difficult situation is presented during excavation in that.section of the 
bore lying between the car changer and the face. [If tne tunnel is driven singly, 
the most efficient ventilation can be obtained by the use of vent pipe for carry- 
ing the air current returning from the face region. During lining operations 
the locomotives are driven at their maximum speed and load just as long as — 
concrete can be poured. The maximum service is demanded when the S‘arch’’ 
is placed, which is done without interruption if possible. If the tunnel is open, 
general tunnel air can be coursed through the bore in the desired direction, 
and all vent pipes are removed. The ventilation problem then becomes one of 
placing low-pressure fans in such positions as to force enough air in the proper 
direction.. If the tunnel is blind, vent pipes must be used during lining operation 
and the most difficult problem arises in connection with the use of Diesel 
locomotives. 


Operation of a Diesel locomotive also presents a different and less 
difficult problem from the ventilation standpoint than is presented if stationary 
Diesel engines are used in connection with pumps, air compressors, mucking 
machines, and other equipment. Use of Diesel engine-driven mucking machines 
presents the most serious problem if the general tunnel air is return air and 
the simplest problem. if it is intake air and the ventilation oem is supported 
by an auxiliary blower in the face region. 


A nee Diesel engine presents the eer danger if it is operated 
at full load and ventilation is stopped, and the most favorable situation when the 
air current is adequate. Obviously, when a locomotive is standing still the 
motor can and should be stopped. Direction of flow and velocity of the air 
current have great bearing on the effects produced in the tunnel air during» 
movements. of a Diesel locomotive. 


Stationary Diesel.engines, such as compressor engines, that idle for — 
considerable periods should: have the exhaust gases led direct to the return air 
current if possible. | | 


8985 - 18 - 


Google 


LC. (aad 


If Diesel engine-driven trucks, locornotives, and mucking machines are 
used simultancously, a dual ventilation system consisting of a primary exhaust 
system and an auxiliary blower systom is absolutely imperative in connection 
with excavation operations; and the Llower vent pine probably would have to be 
intaking in fresh air at the surface. 


To insure that under no circumstances can a dangerous concentration 
of noxious gas be formed in the atmosphere, it is necessary for an engine to 
be maintained in proper mechanical condition at all times. It is not unr2ason- © 
able to expect that tunnel cperating men are nct going to do this in all instances. 
Furthermore, if methane, carbon dioxide, or hydrogen sulfide are given off 
by the strata, their presence can materially affect the amount of toxic gases 
formed and therefore the arnount of ventilation necessary. 


The amount29/ of air required per minute per brake-horsepower bears 
relation to the sum of engine-exhaust products and gas emanations from the 
prcoaeat and any other source of gaseous products in the general tunnel atmos- 

phere; it is not at all improbable that such a large volum2 of air would be 
required in some tunnels and gassy mines that it would be impossible to use 
a Diesel locomotive for reasons of both safcty and economy. 


It has been snown thateh/ the amount of fresh air required to dilute the 
toxic constituents of Diesel engine-exhaust gas is of such magnitude, compared 
with the total volume of exhaust gas, that the excess nitrogen due to consumption 
of oxygen by the engine is insignificant in contributing to oxygen deficiency in 
the general air when normal air is drawn into the engine. 


From field observations, data in table 1, and the formula calculations it 
can be concluded that at least 6& to 7E cubic feet (preferably the latter) of 
fresh air must be supvlied per minute for each braxe-horsepower developed 
at maximum rated sneed and maximum load by a Diesel engine when operating 
in normal air to provide satisfactory atmospheric conditions. This amount 
agrees with the 10,000 c.f.m. required by the State of New York for underground 
Diesel locomotives of 160 brake-horsepower. Exverience of the authors, State 
of New York Department of Labor ongineers, and contractor engineers indicates 


20/ Scuth African Mining and Zngineering journal, vol. 52, Pt. 1, Mo. 2528, 
June 7, 1941, p. 455. | 7 
Se2 footnotes 4 (p. 3), 14 (p. 14), and 12 (p. 5). 
Colliery Guardian, Modern Diesel Pit Locomotives: Vol. 1388, March 1929, 
2 Pp. 
21/ Berger, L. B., @lliott, M. A., Holtz, J. C., and Schrenk, H. H., Diesel 
Envines Underground: II. - Eifect of Adding rxhaust Gas to Intake Air? 
Eureeu of Mines Rept. of Investigations 0541, 1940, 18 pp. 
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that from 10,000 to 12,000 c.f.m., per 160 brake-horsepower (maximum rated 
speed and maximum load) Diesel locomotive, is necessary under actual 
operations in tunnels of about 300 square feet in cross section to keep the 
carbon monoxide level in the range 0.001 to 0.002 percent and thereby control 
the oxides of nitrogen, smoke, and aldehydes within accepted limits. 


Upon the basis of supplying 75 cubic feet of normal air per minute per 
brake-horsepower developed, it is of interest to know the theoretical amounts 
of the toxic constituents possible in the general tunnel air when affected by 
Diesel engine-exhaust gas from locomotives operating under conditions 
observed. The 75 cubic feet of fresh air supplied each minute to the general 
tunnel air can be assumed to contain the exhaust gas produced by the engine 
when operating under maximum load and speed; and when equilibrium conditions 
are reached, the general tunnel air could contain 0.001512 cubic foot oxides 
of nitrogen, 0.00592 cubic foot carbon monoxide, and 0.267 cubic foot carbon 
dioxide. Expressed in parts per million (p.p.m.), the toxic-gas content of the 
general tunnel air would be 20 p.p.m. oxides of nitrogen, 8 p.p.m. carbon 
monoxide, and 3,560 p.p.m. carbon dioxide. Although not as pure as normal 
air, this atmosphere is nevertheless well within an acceptable range insofar 
as toxic gases are concerned, and it would be efficient for Diesel-engine | 
intake air. 


CONTROL AND MEASUREMENT OF TOXIC GASES 
IN GENERAL TUNNEL ATR 


Although it is imperative that tunnel operators know how much fresh air 
is required to provide an atmosphere that will not contain an unhealthful or 
dangerous quantity of irritating and toxic gases and fumes as a result of 
operation of Diesel locomotives, it is more important to know when an un- 
healthful or dangerous atmosphere exists. The aldehydes and otner organic 
compounds are very irritating to the eyes, nose, and throat. Large amounts of 
carbon dioxide are dangerous and definitely contribute to an increase in carbon 
monoxide and a deficiency in oxygen. Nitrogen, although innocuous, contributes 
to oxygen deficiency. The oxides of nitrogen and carbon monoxide, on the 
other hand, are found in very toxic quantities. These two gases usually are 
formed simultaneously, and an increase in one in the general tunnel air gen- 
erally indicates an increase in the other when Diesel locomotives are used; 
the increase may be due to the use of more locomotives, to less air in circu- 
lation, or to longer running time and longer tougher hauls rather than to 
variations in the concentration of these gases in the engine exhaust as a result 
of idling of or running the engine under maximum load and speed. Diesel- 
locomotive motors should only be allowed to idle for very brief periods. 
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As measurement of the quantity of nitrogen oxides, aldehydes, and 
carbon dioxide and control of smoke affecting visibility in tne air constitute a 
slow and difficult procedure and that or carbon monoxide is relatively simple, 
precise measurements of the latter can be and are used etfectively to evaluate- 
the quantity of toxic fumes, gases, odors, and irritants. Experience 2/ has 
demonstrated that, as a yardstick for this nurdose, acceptable conditions are 
attainable when the carbon monoxide concentration in the general tunnel air 
is kept within the range of 0.001 to 0.002 percent by volume, as indicated by 
a supersensitive carbon monoxide indicétor. 


It has been proved definitely that the level of 100 p.p.m. (0.01 percent), 
which is the maximum permissible concentration generally used as a yardstick 
for carbon monoxide, is not a safe criterion for determining the safe and 
healthful use of Diesel locomotives uncerzrcund, and thet by setting a new 
standard for this level in comnection with such locoriotives a practical means 
of controlling nitrogen oxides, aldehydes, smox?, other irritants, carbon dioxide,. 
and carben monoxide is obtained. The concentration of nitrogen oxides in the 
general air is ta chief factcr in determining sefe Diesel-locomotive..opcraiion. 


Obiection was raised to the authcrs’ recommendation of 0.001 percent 
carbon monoxide as a contre! level when this level was Iirst suggested, and 
it was pdoimed out that this would establish a dual standard for the safe limit 
for carbon monoxide, es 0.01 is generally accepted. The fallacy of this 
reasoning is shown even ty laboratory tests, for, if the level of 0.01 percent 
carbon monoxide is set for tne control of atmospheric conditions when Diesel 
locomotives are being used underground, the nitrogen oxides could be in the 
region of 230 p.p.m., a very dangerous if not fatal atmosphere; and the carbon 
‘dioxide could be in the revion of 41,070 p.p.m., also a dangerous atmosphere,. 
not only from a toxic standpoint but also froza the standpoint of contributing 
decisively to the generation of larce amounts of carbon monoxide in the Diese] 
exnaust gas as well as to a hazardous deficiency of oxygen. On the other-hand, 
4f the yardstick of 0.001 nercent carbon monoxide in the general air is used 
4S a basis for determining the amount of air r2quired to dilute the exhaust 
gas from a Diesel motor, and no more than 0.U0Z percent carbon monoxide is’ 
used for general air control in ecnnection with the use of Diesel engines, one- 
tenth of the foregoing values for nitrogen o::les and carbon dioxide, which 
are within currently ecceptedi tolerance limits, could be obtained in actual 
tunnel operation. 


22/ Harrington, D., and Ash, S. H., Some Essential Safety Factors in Tunneling: 

Bureau of Mines Bull. 439, 19-41, 61 po. | 

stiefel, F. W., Operation of Diesel Locomotives Underground: Paper 
presented before the Meeting of Am. Iust. Min. and Met. Eng., New York 
City, February 1942, 14 pop. 

Harris, William B., Greenburg, Leonard, and Werner, Gustav, Diesel 
Engines in Tunneling Operations: Paper presentcd before the Meeting 
of Am. Inst. Min. and Met. Eng., New York City, February 1942, 17 pp. 
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It wes pointed out, also, that while the use of 10 or 20 p.p.m. of carbon 
monoxide may have some merit as a practical yardstick in measuring con- 
tamination by Diesel-exhaust gas, it is by no means infallible. This question 
is answered by the experience cited as well as by studies in Europe, where 
Separate investigations have shown that the general air must not contain as 
much as 0.01 percent carbon monoxide. 


In Remmenycs/ experimental study of carbcn monoxide formation made 
by Sev eral mine devartments led to the following precautions: 


special ettention nas tc be given to the state of venti- 
lation of all roadways in which Diesel locomotives are employed, 
in order to ensure that in nec circumstances can a dangerous 
concentration of the gas be termed _ the atmosphere. The con- 
centration of carbon monoxide must not exceed between a fifteenth 
or twentieth of the lowest tcxic eonecn ee tion, i.e., about 0.0014 
percent. - 


The experience of the authors with the use of Diesel locomotives under- | 
ground in the Delaware Aqueduct tunnels indicates that for all conditions of 
operation, regardless of wnether the engine ran at low speeds under intermedi- 
ate or high loads, or et high speeds and minimum to high loads, the ratio of 
concentration of nitrogen oxides to thet of carbon monoxide varied, averaging 
about 2-1/2:1 but always greater than 1:1. Regardless of the concentration 
of nitrogen oxides in the general air, if the carbon monoxide concentration was 
10 p.p.m. (0.001 percent), the concentration of nitrogen oxides was within the 
“‘nermissible maximum’’ range in any jurisdiction at the present time, all of 
which indicates that it is a “‘safe’’ and practical yardstick, as it can be and is 
being complied with and, aside from protection against poisonous gases, its 
use is conducive to better ventilation practice. 


Conditions noted recently after 2 hours of constant Diesel-locomotive 
oneration in a long tunnel that has been using such locomotives for some time 
are of interest, as they probably are more representative of actual conditions 
in a tunnel when concrete is being poured 24 hours a day than are many others 
observed. 


Two 160-horsepower Diesel locomotives were in the heading, anda 
Similar locomotive was shifting cars near the supply-shaft bottom. The super- 
sensitive carbon monoxide indicator consistently recorded 3 p.p.m. (0.0003 
percent) carbon monoxide in 25,500 ¢.f.m. (general tunnel air), which would 
indicate 8,500 c.f.m. per locomotive. The atmosphere was foggy, and with 


23/ See footnote 20 (p. 19). 
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this volume of air (53 c.f.m. per locomotive horsepower) the Diesel exhaust 
odors were very noviceable. Unaer existing conditions the carbon dicxide 
concentration was 0.06 percent, or 0.03 percent above normal. Concentration 
of nitrogen oxides was 14 p.p.m. (0.0014 percent). 


It will be observed that the carbon dioxide concentration above normal 
was 100 times the carbon raonoxide concentration, that the odor of aldehydes 
was strong, that the ratio of nitrogen oxides to carbon monoxide was nearly 
5:1, and that tne nitrogen oxide concentration was well above the 10-p.p.m. 
limit in effect in some jurisdictions. 


This is a striking example of the value of using 0.001 percent (10 p.p.m.) 
carbon monoxide as a “‘yardstick’’ for the control of nitrogen oxides. For 
example, if ventilation was such as to allow a carbon monoxide concentration 
of 0.001 percent (10 p.p.m.), the concentration of nitrogen oxides would be 
0.0042 percent (42 p.p.m.) and that of cerbon dioxide 0.1 percent (1,000 p.p.m.). 
Furthermore, if the carbon moncxide concentration was allowed to attain 0.01 
percent (100 p.n.m:), the ecneentration of nitroren oxides would reach 0.0467 
percent (467 p.p.m.) and that of carbon dioxide 1 percent (10,000 p.p.m.) - a 
very dangerous condition. IE ventilation were increased to 75 c.i.m. per loco- 
motive horsepower (which was recommended and done), concentration of 
nitrogen oxides would be 0.001 vercent (10 p.p.m.), a concentration acceptable 
in any jurisdiction. | 


It can be seen that the control of noxious gases in the general air should 
be based unon the carbon monozide control value of 10 to 20 p.p.m. anda 
minimum of 75 c.f.m. per locomotive horsepower wnen Diesel locomotives are 
operating in virtually normal air and the volime of air required per locomotive 
horsepower is increased to maintain a safe ccncentration of other gases that 
may result from emanations of any gas. The general tunnel air should be 
sampled from time to time and chemical analyses made to determine the con- 
centration of nitrogen oxides as well as ot the other gaseous constituents of 
the tunnel atmosphere. 


This discussion shows the value of field study of Diesel locomotives in 
actual operation, for it was tne results cf field observations of atmospheric 
conditions that indicated the amcunt of carbcn monoxide to be used asa 
yardstick for determining the quantity of air required as well as for the control 
of atmospheric conditions. Installation of equipment on a job cannot always 
wait on leboratory tests, but safety standards can be changed at any time in 
accordance with results obtained from collaboration in any rational approach. 


The authors believe that Diesel locomotives can be used safely if kept 
in good mechanical condition and if adequate ventilation can be supplied so that 
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the general tunnel atmosphere will contain not more than 0.002 percent 
(preferably 0.001 percent) by volume (10 v.p.m.) of carbon monoxide from 
Diesel engine-exhaust gas, the methane content will not exceed 0.25 percent 
and preferably will be less than 0.05 percent, and the carbon dioxide content 
will be less than 0.3 percent. 


As shown in this report, the content of nitroccn oxides in the general air 
can be kept at 10 n.p.m. if the engine is maintaine od in efficient mechanical 
condition and the tunnel is supplied with not less than 65 cubic feet of fresh 
air per minute per brake-horsepower when orerating in nearly normal air 
during excavation operations and with about 75 cubic feet per minute per 
prake-horsepower during a operations. If the enzine is operated in 
methane-air mixture, the air requirements per brake-horsepower may amount 
to 190 cubic feet or more of air per locomotive horsepower er minuteZ4/ to 
keep the toxic gases witnin tolerance limits. 


A Diesel locomotive requires expert attention end must be maintained in 
proper mechenical condition. If systematic inspections are not made and 
defects in the motor are not corrected immediately, sericus consequences 
are sure to follow. The fumes are nauseating, and workmen will not long 
tolerate the presence of Diesel locomotives if they are not maintained properly 
and if enough air is not sunplied to reduce the smoke, aldehydes, sulfur dioxide, 
and petroleum odors to virtually unnoticeaole amounts. To some extent these 
facters act as a safety valve through the human element in maintaining the 
toxic gases at tolerable limits. If the atmosphere is smoky and irritating, it 
is a foregone conclusion that ventilation is inadequate or that engine operation is 
inefficient, or both. 


CONCLUSIO ONS 


The hazards of operating Diesel locomotives underground with inadequate 
ventilation are physical damage or loss of life from the toxic gases generated. 
The toxic gases in the Diesel exhaust are nitrogen oxides, carbon monoxia,., 
carbon dioxide, and sulfur dioxide. 


The controlling noxious gases are nitrogen oxides, which, under currently 
accepted tolerance limits, are 10 times more deadly than carbon monoxide 
and 430 times more deadly than carbon dioxide. 


Observations of atmospheric conditicns in tunnels where Diesel locomotives 
are in uSe indicate that the ratio of the concentration of nitrogen oxides to that 
of carbon monoxide is probably more often a DPE ae. AS A always more 
than 1:1 under load at any speed, ard at times 2s high as 5:1. 


24/ See footnote 20 (p. 19). 
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A review of all the data available to the authors in connection with the 
Diesel engines observed indicates that when in good condition and operating 
in normal air, the volumes of toxic gases produced per minute per locomotive 
horsepower (full load, maximum specd) are as follows: Carbon dioxide, 0.267 
cubic foot; nitrogen oxides, 0.001512 cubic foot; and carbon monoxide, 0. 000592 
cubic foot. , 


Air requirements for use of Diesel locomotives should be based not only 
upon the toxicity of noxious gases in the general air but also upon the fact that 
haulagemen at present probably have the highest accident severity rate in 
tunneling; therefore, a locomotive attendant snould at all times be in excellent 
health, be alert, and have possession of all his faculties. For this reason, if 
no other, the question of maximum safety should be considered in providing 
ventilation. 


From field observations made by the authors and data included in this 
report it can be concluded that to provide satisfactory atmospheric conditions 
at least 65 to 75 cubic feet (preferably the latter) of fresh air must be supplied 
per minute per brake-horsepower developed at maximum rated speed and 
maximum load by a Diesel engine when cperating in normal air. 


Upon the basis cf supplying 75 c.f.m. of normal air per locomotive horse- 
power to the general tunnei air, this volume of fresh air can be assumed to 
contain the exhaust gases produced by the engine when operating under maxi- 
mum load and speed, and when equilibrium conditions are reached in the 
general tunnel air the toxic-gas content could be 20 p.p.m. nitrogen oxides, 

8 p.p.m. carbon monoxide, and 8,560 p.p.m. carbon dioxide. 


The control of noxious gases in the general air when Diesel locomotives 
are being used should be based upon a carbon monoxide control value of 10 to 
oO p.p.m. and a minimum of 75 c.f.m. per locomotive horsepower when Diesel 
locomotives are operating in virtually normal air; the volume of fresh air 
required per locomotive horsepower should be increased to maintain a safe 
concentration of other gases that may be present as a result of gas ea 
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Samples of the general tunnel air should be taken from time to time and 
chemical analyses made to determine the concentration of nitrogen oxides2o/ 
as well as that of the other gaseous constituents of the tunnel atmosphere. 


Experience has demonstrated that acceptable conditions are attainable 
in the general tunnel air when the carbon monoxide concentration is kept within 
the range of 0.001 to 0.002 percent by volume and is used as a yardstick for 
the control of atmospheric conditions. 


25/ See footnote 6 (p. 8), pp. 7-8. 

Allison, V. C., Parker, W. L., and Jones, G. W., The Determination of 
Oxides of Nitrogen: Bureau of Mines Tech. Paper 249, 1921, 12 pp. In 
the original development of this procedure the gases were absorbed in 
an alkaline solution; in a later modification of the method an acid solution 
was used as the absorbent. See Piccard, J., Peterson, E. G., and Bitting, 
C. D., Determination of Oxides of Nitrogen (Except Nitrous Oxide) in 
Low Concentrations: Ind. Eng. Chem., anal. ed., vol. 2, 1980, pp. 294- 
295. 
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